Geobacter species are dissimilatory metal-reducing bacteria fundamental for the geochemistry of natural environments. They are able to couple the oxidation of organic compounds with the reduction in extracellular electron acceptors, including electrode surfaces in microbial fuel cells [1] [2] [3] [4] . In both cases, the electrons need to be transferred outside of the cells via extracellular electron transfer (EET) mechanisms. Despite their importance, EET mechanisms are still not completely understood, particularly in the genus Geobacter. G. sulfurreducens has become a model microorganism and the analysis of its genome sequence revealed that this bacterium encodes several multiheme cytochromes [5] . In these bacteria, in addition to their location in the periplasm, the cytochromes can also be found associated with the inner and outer membranes, a topology that favors the EET from NADH to terminal acceptors.
MacA is a 35-kDa inner membrane-associated diheme cytochrome c peroxidase (encoded by the gene locus gsu0466) from G. sulfurreducens. Genetic and proteomics studies showed that MacA is important for the reduction in Fe(III) and U(VI) oxides [6] [7] [8] . Its crystal structure was recently determined in several redox states [9] . The two heme groups have different axial coordination. One, located at the Cterminal domain, is coordinated by His-Met, whereas the other at the N-terminal domain, is axial coordinated by His-His. The two hemes also have distinct midpoint redox potentials and were designated as high-(HP) and low-potential (LP) hemes, respectively.
As previously described, the catalytic and the redox reactions occur in the LP and HP hemes, respectively [9] . Electrochemical experiments also showed that MacA can exchange electrons with the cytochrome PpcA (gsu0612) located at the G. sulfurreducens periplasm [9] . In the periplasm, a pool of several c-type cytochromes, among which PpcA is found, is considered to mediate electron transfer reactions at near isopotential values [10] , serving as a source of electrons not only for enzymes, such as MacA, but also to a variety of terminal reductases.
PpcA is a 9.6-kDa triheme cytochrome c with all heme groups showing His-His axial coordination in both the oxidized and reduced states. Previous studies detected PpcA in G. sulfurreducens cells grown using Fe(III) citrate or oxides as terminal electron acceptors. As in the case of MacA, knock-out of the gene encoding for PpcA also affected the Fe(III) and U(VI) reduction pathways. The structure of PpcA was determined both in the reduced and oxidized states by NMR spectroscopy [11, 12] .
Genetic and biochemical studies established the main structural and functional features of some cytochromes from G. sulfurreducens, including MacA and PpcA [6, 7, 9, [11] [12] [13] [14] . The next step aiming to understand the EET networks in G. sulfurreducens encompasses the identification of redox partners and their interacting interfaces. In this work, the molecular interaction between MacA and PpcA were studied by NMR chemical shift perturbation experiments.
Materials and methods

Protein samples preparation
The 15 N-labeled and unlabeled triheme cytochrome PpcA, and the unlabeled diheme cytochrome MacA were expressed in Escherichia coli and purified, as previously described [9, 15] . For NMR studies, samples were prepared in 8 and 45 mM phosphate buffer, pH 7.1, and NaCl (20 and 100 mM final ionic strength). Samples were prepared in 92% H 2 MacA sample (180 lM) was titrated with a PpcA solution (6.5 mM) prepared in the same buffer.
NMR experiments
All NMR experiments were acquired at 298K on a Bruker Avance 600 MHz spectrometer equipped with a triple-resonance cryoprobe. 1 
Complex interface and binding affinity
The impact of the interaction between MacA and PpcA was evaluated by the weighted average chemical shift (Δd comb ) of each NH or CH signals using the weighting factors 1.000, 0.102, and 0.251 for 1 H, 15 N, and 13 C, respectively [19, 20] . Changes in chemical shifts were also monitored in 1D 1 H NMR spectra and the curves were analyzed with a two-parameter nonlinear least squares fit using a one-site binding model corrected for the dilution effect. The dissociation constant for the 1 : 1 binding equilibrium (K d ) was estimated under fast exchange conditions by fitting the observed chemical shift peturbations with the Eqns (1) and (2) previously described by Kannt et al. [21] . Equations (1) and (2) were used for the analysis of the direct and reverse titration curves, respectively.
where Dd bind is the chemical shift perturbation at a given protein ratio; 
Molecular docking calculations
The molecular interaction simulations were performed with the easy interface from HADDOCK2.2 webserver [22] using the atomic coordinates of PpcA (PDB ID 2MZ9 [12] ) and MacA (PDB ID 4AAL [9] ). From the NMR experimental data, the active residues were selected as Lys , heme I and IV for PpcA, and high-potential heme for MacA.
Results and Discussion
The molecular interface region between the periplasmic triheme PpcA and the inner membrane-associated diheme MacA cytochromes from G. sufurreducens was investigated in this work using NMR spectroscopy. The molecular interaction between the two cytochromes was first detected electrochemically, suggesting the formation of a low-affinity complex between the two proteins. Indeed, these experiments showed that MacA and PpcA have the capability to exchange electrons, but the interface region between the cytochromes could not be established [9] . Therefore, the electrochemical results provided important information that prompted us to study the molecular interaction between the two proteins in detail.
The study of molecular interactions between heme proteins at an atomic level is further complicated by the significant NMR spectral differences displayed by their redox forms [23] . In fact, the NMR spectral regions are quite distinct for cytochromes holding the heme iron in the oxidized or reduced state. Typically, the NMR spectral widths in the reduced state are much smaller compared with those of the oxidized form. Hereby, the unpaired electron of the heme iron (s) exerts significant paramagnetic shifts on the heme substituent signals and nearby residues, shifting them from crowded regions in the fully reduced to relatively empty regions in the fully oxidized NMR spectra. This dispersion of signals for less crowded regions, particularly in the case of the heme methyl substituents, is advantageous and makes the analysis of the signal chemical shifts more straightforward. Thus, in the present study, NMR chemical shift perturbation experiments were performed with cytochromes PpcA and MacA in the oxidized state. In this redox state, PpcA is paramagnetic and all heme irons are in the low spin state (S = 1/2). In the case of MacA, the HP heme iron is axially coordinated by histidine and methionine residues and is in a rapid low spin-high spin equilibrium at room temperature, due to the long Fe-S bond of the distal methionine [9] . On the other hand, the LP heme, coordinated by two histidine residues, is in the low spin state. For these reasons, the heme methyl signals of each heme are in distinct regions of the NMR spectra. The HP heme methyls are strongly downfield shifted to the region above 50 p.p.m. and are much broader compared to those of the LP heme, which are found at lower chemical shifts.
The 1D 1 H NMR spectra of PpcA and MacA are indicated in Fig. 1 show a similar behavior during the experiment, moving to the right in a straight line up to roughly 0.6 equivalents of PpcA, and then in the opposite direction until the maximum addition of PpcA. Such a behavior is typical of two molecular binding events, resulting in distinct effects on the heme methyl chemical shifts from a primary and a secondary interaction [20] .
The analysis of the chemical shift perturbation experiments for the PpcA heme methyl signals is depicted in Fig. 2B . In this spectral region, all the PpcA heme methyl signals, except for the one of 18 1 
CH 3
III , can be observed. The most affected signal is the heme methyl 12 1 CH 3 IV whose behavior is typical of a single binding event (Fig. 2B) . In order to also evaluate the effect of the presence of MacA on the heme methyl 18 1 CH 3 III , whose signal appears at a chemical shift of approximately 1 p.p.m., 2D 1 H, 13 C HMQC NMR spectra were recorded in the absence and in the presence of MacA (Fig. 3) . In these spectra, the heme propionate ( (Fig. 4) . In addition, other PpcA signals in the vicinity of heme IV also show important differences, namely the propionate 17 from heme IV (P 17 IV ), followed by P 13 IV and P 13 I . On the other hand, the chemical shift variation in all the aliphatic protons of the six axial histidines showed that the most affected signals are those from His 47 , which axially coordinates PpcA heme IV, followed by His 17 and His 20 that coordinate hemes I and III, respectively (Fig. 4B) .
In the present study, we further extended the analysis of the NMR chemical shift perturbation measurements to the PpcA backbone NH signals. The NH signals were previously assigned [12, 17] and were reas- (Fig. 5B) .
Overall, the results obtained from the analysis of the NMR chemical shift perturbation experiments suggested that MacA interacts with PpcA in the protein cleft defined by hemes I and IV in an orientation that favors the closer contact between MacA HP heme and PpcA heme IV. These conclusions are also supported by the docking calculations (see Fig. 6 ).
Using the equations described in the Materials and methods section the dissociation constants (K d ) were determined from the chemical shift of the most affected heme methyls in PpcA and MacA (Table 1) . For the two HP methyl signals the K d value of the first binding event is one order of magnitude lower compared to the second one. Therefore, PpcA initially binds almost exclusively to the primary site, but once most of the primary site is occupied, the protein will start to bind to a slightly different place (for a review see [20] ). Two molecular binding events have also been described for the interaction between cytochrome c peroxidase from Paracoccus pantotrophus and two redox partners, cytochrome c and pseudoazurin [24] . The values are within the lM range suggesting the formation of a low-affinity complex between the redox partners. These values are consistent with other K d values previously reported for the interactions between cytochromes [25, 26] . The analysis of the SDS/PAGE and the comparison of 1D 1 H NMR spectra of PpcA obtained before and after removal of MacA by gel filtration chromatography confirmed that the interaction between the two cytochromes is fully reversible (data not shown).
In order to rationalize the results obtained in structural and functional terms, we analyzed the electrostatic surface potential distribution of the two proteins. The analysis of the electrostatic surface of MacA showed a negative electrostatic region near the heme groups and showed that the HP heme is the most exposed and directly accessible from the surface (Fig. S1 ). On the other hand, in PpcA the heme IV shows a significantly positive environment, due to the presence of several neighboring lysine residues (Fig. S1 ). Due to this surface complementarity, electrostatic interactions are expected to contribute favorably to the formation of the PpcAMacA electron transfer complex. In order to test this hypothesis, we further analyzed the heme methyl chemical shift perturbation at higher ionic strength (100 mM). The comparison of the chemical shift perturbation of the 1 H chemical shift of the heme substituents of PpcA in the absence and in the presence of MacA at 20 and 100 mM ionic strength are indicated in Fig. S2 . The results obtained showed that the most strongly affected signals in both conditions are the same and that the magnitude of the chemical shift perturbation is higher at lower ionic strength. This was also observed for interaction studies described for other cytochromes [27, 28] , suggesting that the interaction between PpcA and MacA is electrostatically driven.
The reduction potential values of each heme group in MacA and PpcA have been previously determined [9, 14] . For MacA the mid-point redox potentials are À237 and À241 mV for heme LP in the His-bound and -free form, respectively. The heme HP showed a less negative redox potential (À138 mV). In the case of PpcA, the heme reduction potentials are of the same order of magnitude (À154, À138 and À125 mV for hemes I, III, and IV, respectively), which indicates that the electron transfer between PpcA heme IV and MacA HP heme group have a low thermodynamic barrier in either direction. Therefore, the structural and thermodynamic properties of the two proteins could facilitate the complex formation, redirecting the two proteins to the binding interface.
Conclusions
Many structural and functional studies have been carried out to understand the importance and the role of some proteins involved in the different electron transfer pathways in G. sulfurreducens. The next step to clarify the electron transfer networks is to map the redox partners and their complex interface region. In the present work, the molecular interaction between the diheme cytochrome MacA and the triheme cytochrome PpcA was investigated at atomic level using NMR chemical shift perturbation experiments. The MacA HP heme and a cleft defined by hemes I and IV of PpcA were the most strongly affected regions. Our results also show that the complex between MacA and PpcA is supported by electrostatic interactions and that the electron transfer between PpcA heme IV and MacA HP heme group have low thermodynamic barrier. Thus, in addition to the reduction in PpcA by MacA, the relative small difference in the redox potentials of the interacting heme groups and the high cellular abundance of PpcA suggests that, under oxidative stress conditions, PpcA might supply electrons to the peroxidase activity of MacA that protects the bacterial cell from oxidative damage caused by the formation of hydrogen peroxide as a by-product of the single-electron reduction in Fe(III) oxyhydroxide [13] .
The results are in agreement with a previous study performed for a cytochrome c peroxidase from Paracoccus pantotrophus and two redox partners, cytochrome c, and pseudoazurin, that competitively bind to the same site located in the region of the HP heme [24] . Other interaction studies carried out with a cytochrome peroxidase from Paracoccus denitrificans and its natural redox partner, cytochrome c 550 , showed that the LP heme signals did not display any chemical shift perturbation [29] . Altogether, these results are consistent with the data obtained in the present work, which showed no chemical shift perturbation of the signals of the MacA LP heme in the presence of increasing amounts of PpcA. The K d values obtained for the complex formed between the two proteins are in the lM range suggesting the formation of a low-affinity complex between the redox partners, which is crucial for rapid protein-protein recognition and electron transfer.
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